Marine sessile animals such as mussels and barnacles secrete simple proteins to cope with the force of the surf and tides (WAITE, 1983; PAPOV et al., 1995) . The proteins are designated as marine adhesive proteins and were investigated with the aim of utilizing their adhesive properties for biotechnological purposes (YAMAMOTO, 1996a) . The marine adhesive proteins secreted insolubilize and adhere to the surfaces of a variety of substrates, such as rock, glass and plastics, in a watery environment (WAITE, 1987) . As is commonly known, marine fouling organisms are responsible for considerable economic damage. For instance, the actual states of the mussel attachment in yacht fouling after mooring is very heavy. Many antifouling strategies and material science ideas have been examined, and a variety of industrial efforts to prepare antifouling materials to coat external surfaces have been done and are still continuing. Among them, bis(tri-n-butyltinoxide)-containing polymers were once the most successful antifouling paints, and showed marvelous self polishing. However, since tin containing-paints were found to be ecologically very harmful, causing ferminization of nature by environmental endocrine disruptors on the coast of Japan. Thus, antifouling researchers must again look for a new strategy (for example, MURASE and NANISHI, 1993) .
We have previously reported the surface chemical properties of the marine adhesive proteins (YAMA-MOTO, et al., 1995; YAMAMOTO, et al., 1996) and also a marked antifouling property towards the attachment of Mytilus edulis . The silane coupling agents with amino-and mercapto-functional groups exhibited the antifouling effect in the attachment experiments. The antifouling property of the modified glass surfaces was related to the inhibitory effect on the insolubilization of the adhesive proteins (YAMAMOTO and TATEHATA, 1995) . In the present study, as one approach for the preparation of ecologically clean antifouling materials toward marine and freshwater sessile animals, we selected the working hypothesis by combining (a) the wettability of marine adhesive proteins, (b) the enzymatic insolubilization kinetics, and (c) the surface chemical characteristics of the modified substrates. The working hypothesis is based on the component division of the surface free energies of the adhesive proteins and modified substrate surfaces.
Materials and Methods
The marine adhesive proteins used were synthetic mussel adhesive proteins, poly (Ala-Lys-Pro-Ser-TyrPro-Pro-Thr-Tyr-Lys) (blue mussel Mytilus edulis), poly (Pro-Lys-Gly-Thr-Tyr-Pro-Pro-Thr-Tyr-Lys) (Californian mussel Mytilus californianus), and poly (X-GIy-Tyr-Ser-Ala-Gly-Tyr-Lys) (X; Thr, Ala and Thr/Ala=3:2) (ribbed mussel Geukensia demissa) (YAMAMOTO, 1987; YAMAMOTO, 1996b) . Purified pearl oyster adhesive proteins and chitosan were also used. All these samples are water soluble and the concentrations of the aqueous solutions were 1-50% (w/v).
The silane coupling agents, 3-(2-aminoethylaminopropyl)-trimethoxysilane (abbreviated as aminoethyl amino-silane), 3-chloro-propyltrimethoxysilane (chloro-silane), 3-mercapto-propyltrimethoxysilane (mercapto-silane) and 3-glycidoxypropyltrimethoxysilane (glycidoxy-silane) were purchased from ShinEtsu Chemical Industries; 3-aminopropyltriethoxysilane (amino-silane) was from Tokyo Chemical Industry; 3-cyanopropyltriethoxysilane (cyano-silane), 3-iodopropyltrimethoxysilane (iodo-silane), 3-bromopropyltrimethoxysilane (bromo-silane), and 3, 3, 3-(trifluoro-propyl)-trimethoxysilane (fluoro-silane) were from Chisso Co., Ltd.
The silane coupling agent was reviewed by YAMAYA (1991) . The reaction conditions of the silane coupling to change surface character in our experiments were as follows. All the silane coupling agents were dissolved in methanol, n-hexane or toluene at the concentration of 10% (v/v). The solutions 10cm). After the plates had been allowed to stand for 8h at room temperature, they were heated for 6h days in methanol, distilled water and simulated seawater in that order, and then used in the experiments.
The surface free energy of the substrates was measured as described in an earlier article (YAMAMOTO, 1998) . In brief, the surface free energy of the substrate was determined by the combination of the extended Fowkes's and the Young-Dupre's equations.
the surface free energy of the substrate were calcusion and polar components of the surface free enmeasured contact angle of these liquids on a substrate. The surface free energy was calculated as the commercial soda glass generally varies depending on its soda content composition, lot number and so on. We used a popular soda glass with a surface free energy of 64.4mJ/m2 in the present study (see Table  1 ). The work of adsorption (Wads) of the protein molecules was calculated using equation 2: Wads= polar components of surface free energy of water. We were unable to accurately measure the surface free energy of slate because of its rough surface. The marine blue mussel Mytilus galloprovincialis (adult), which is a close relative of Mytilus edulis, was collected in Sagami Bay, Kanagawa prefecture, Japan, and the barnacle Balanus amphitrite was collected on Suma beach, Hyogo, Japan. The antifouling experiment of the silane coupled surfaces toward the blue mussel Mytilus galloprovincialis: (i) immerse the substrates in simulated seawater; (ii) put on 25 adult mussels (A); and (iii) count the mussels attached (B) and bysusses left (C) after one week. Cypris larvae of the barnacle were collected in the same way as reported in the earlier articles (KADO and HIRANO, 1979; TSUKAMOTO, 1990) . The antifouling experimental conditions of the silane coupled surfaces toward the barnacle larvae were: (i) 50 cyprids, (ii) 30ml of seawater, (iii) moderate aeraments ( Fig. 1) . The average attachment percentage was calculated from this eouation: attachment (%)= The freshwater mussels, Limnoperna fortunei (Mytilidae) (DUNKER, 1856; MORTON, 1975; KO-JIMA, 1982; KIMURA, 1994; NAKAI, 1995) , were collected in the Nagara River, Gifu prefecture, Janan, in a water tank, and 4-10 mussels with shell lengths of 1.5-3.0cm were put on one plate. The attachment behavior of the mussel was continuously observed for one week (Fig. 2) . Among total number of mussels (A), the number of attaching mussels (B) and secreted byssuses (C) were manually counted after 7 days, and the antifouling property of the substrates towards the freshwater mussel was evaluated using three values; the percent of attaching mussels to the total secreted byssuses per one mussel tested (C/A), and the mean number of secreted byssuses per one attaching mussel (B/C).
Results and Discussion 1. Adhesion characteristics of marine adhesive proteins The primary sequences of the some marine adhesive proteins have already been determined (WAITE, 1983 (WAITE, , 1986 . At the present stage, two structural motifs have been proposed (WAITE, 1987) . In the first motif, the repeated consensus sequences contain the Tyr (Dopa) and Lys residues as essential amino acids. The quinone cross-linking adhesion mechanism has been proposed based on this information. The second motif is the cystine motif and the investigation of this motif has just started (RZEPECKI, 1992) . Table 2 summarizes the wettability of five synthetic mussel and natural pearl oyster adhesive proteins from four different species at the solid-liquid changed from 38 to 47mJ/m2, which is about a 20% difference. However, when we divided the total surface free energies into its dispersion and polar compo- From the wettability results in Table 2 , we can draw the surface chemical features of the marine adhesive proteins (Fig. 3) . The present analytical results in Table 2 are contrary to prior works of biological adhesion in natural seawater which show that the first deposited "conditioning film" is protein (glycoprotein), followed by polysaccharides in seawater (BAIER, 1970; DEXTER, 1979) .
Surface free energy of the substrates
The values of the surface free energies of the substrates, together with their dispersion and polar components, are summarized in Table 1 . The surface free energies of the non-treated materials ranged from teflon (19.1mJ/m2) to glass (64.4mJ/m2). The dispersion component of teflon (18.6mJ/m2) was the lowest, and that of nylon (34.1mJ/m2) was the highest. The polar component of glass (42.9mJ/m2) was higher than that of the other non-treated materials (0.5-9.1mJ/m2). When the glass surfaces were modified with the nine kinds of silane coupling agents, the surface free energies of the modified glasses varied from 27.3mJ/m2 for the fluoro-coupled glass to 56.4 mJ/m2 for aminoethylamino-coupled glass. The dispersion component of the aminoethylamino-coupled glass (22.1mJ/m2) was the lowest, and that of the iodo-coupled glass (34.4mJ/m2) was the highest, while the polar component of the iodo-coupled glass (3.1mJ/m2) was the lowest, and that of the aminoethylamino-coupled glass (34.3mJ/m2) was the highest. Thus, a detailed examination of the relationship between the mussel attachment and the surface state can be achieved by dividing the surface free energies into these two components.
Marine mussel and barnacle attachment
When one hangs down a mussel pearl oyster (Pinctada fucata) onto the substrates, the mussel attaches to polycarbonate and escapes from teflon, depending on the materials (YAMAMOTO et al., 1993) . What does this mean? From the results of the inhibition of the quinone crosslinking reaction of marine mussel adhesive proteins catalyzed by tyrosinase, added inhibitors such as cyanide and amines depressed the enzymatic oxidation of the marine adhesive proteins. The reason for this inhibition is thought to be because the inhibitors coordinate with the copper located at the active center of this metalloenzyme and the coordination prevents the catalytic oxidation-reduction HATA, 1995) . Based on this inhibitory effect, we prepared some modified soda glass and silicone surfaces using the silane coupling reagents. The antifouling effect of the silane coupled surfaces toward the marine blue mussel and barnacle cyprid larvae has been examined, together with some plastics such as teflon. 3.1 Blue mussel: We have already reported in detail the results of the marine blue mussel attachment on the silane-coupled glasses . In order to demonstrate the usefulness of the working hypothesis described in the introduction, we describe here the least duplication of the attachment results of blue mussel on the modified glasses, together with additional remarks. Table 3 summarizes the results of the blue mussel attachment to the substrates including the chloro-, mercapto-, aminoand glycidoxy-silane coupled glass surfaces. In all cases, 25 adult mussels were put on each of the substrates. First, it is clear that the mussel chooses high energy surfaces (26-28 byssuses per mussel on slate and glass) over low energy surfaces (9-10 byssuses on teflon and silicone) (not shown here; refer YAMAMOTO et al., 1997) . Second, when the glass surfaces were silane coupled, the amino-, chloro-, mercapto-and glycidoxy-coupled glass surfaces reduced the number of attaching blue mussels from 80% to 40-20% and reduced the number of attached byssuses from 26 byssuses to 3-7 byssuses per mussel, thus exhibiting a marked antifouling effect. Among the four silane coupled surfaces, the chloro-and glycidoxy-coupled glasses exhibited the strongest antifouling effect, showing only 3 byssuses. Fig. 4 shows the relationship between the attaching numbers of the blue mussel after a week and the surface free energies of the surfaces. Clearly, the substrates with the lower surface free energies exhibited a significant antifouling effect toward the blue mussel. Such adhesion of biological substances to low energy solid surfaces was predicted by SCHRADER (1981) without biological experiment. And also basic science of the correlation between the interfacial interactions and the constitutive properties of low-energy organic surfaces has been reviewed by CHAUDHURY (1996) .
3.2 Barnacle: The same antifouling experiment was examined toward the barnacle B. amphitrite with the modified surfaces. In the case of barnacle antifouling, most researchers use the term settlement rather than the term attachment. However, the antifouling meaning between the two terms is almost same. The cyprid larvae of barnacles usually settle 1) The ratio of (attached mussels)/(total mussels).
2) The number of byssuses of mussels attached on the solid surfaces.
3) Asterisks and ns indicate the Mann-Whitney's U-test results: **, significant differences at the 0.05 level between the glass and the other substrates; ns, no significant difference. first and then metamorphose during growth. The results of the barnacle larvae settlement on the modified glass surfaces, showed the effect of functional groups (Fig. 5) . First, when the glass surfaces were silane coupled, the settlement numbers of barnacle larva on each of the chloro-, amino-, and mercaptocoupled glass surfaces were reduced from 62% settlement on the unmodified surface, which is the control, to 6-20% settlement after 4 days. Although the reason is unclear, the attachment on the glycidoxycoupled glass surfaces and a commercial polystyrene Petri dish increased to 82% and 84% settlement, respectively. After 12 days, the amino-coupled glass surfaces exhibited the strongest antifouling effect with 60% settlement on them. Thus, a marked antifouling effect was observed for several of the modified glass surfaces. From the relationship between the settlement of barnacle larvae and the total surface free energies of the modified glasses after 4 days and 12 days, barnacle larvae settled upon the surfaces with the higher surface energies compared to the surfaces with the lower surface free energies (Fig. 6 ). This tendency of the barnacle settlement is much clearer after 4 days and the settlement was less than 19% in the case of the chloro-, amino-and mercapto (the least 6%)-silane coupled glasses. After 12 days, it can be considered from this results that in order to survive, the barnacle larvae settled even upon surfaces which are normally unfavorable. Additionally, from the results of the barnacle larvae settlement on the 3 -aminopropyl-silane coupled glass surface, when the amount of the silane coupled reagent is increased from 2.5% to 15%, a significant antifouling effect was observed on the amino-silane coupled glass surface (NISHIDA et al., 1997) , exhibiting surface functional group density effect. Next, we divided the surface free energies of the silane-coupled glass surfaces into the polar and the dispersion components according the method described in our earlier articles (YAMAMOTO, 1996; YAMAMOTO et al., 1998a) . Fig. 7 shows the relationship between the settlement of barnacle larvae and the two components of the surface free energy of the modified glass after 4 days. Clearly, the barnacle larvae exhibited a reduced settlement (lower than 19%) on the modified glass surfaces having the smaller polar components of 5-9mJ/m2 and larger dispersion components of 27-30mJ/m2, while much higher settlement (55-62%) was observed on the of barnacle larvae on the substrates during 12 days. (OHKAWA et al., 1999a (OHKAWA et al., , 1999b . In connection with the present working hypothesis, we describe again the least duplication of the attachment results of the freshwater mussel on the modified glasses, together with additional remarks. The freshwater mussel contacted its foot to a substrate and secreted a succession of byssuses until a bundle of the byssuses had fixed the mussel tightly to the substrate ( Fig. 2A) . The antifouling strategy used in above marine invertebrates was extended to the freshwater mussel, whose attachment has caused serious problems for the tap-water supply systems in East Asia. Fig. 8 shows the relationship between the attachment of the freshwater mussel after one week and the total surface free energies of the modified glasses (from Table 4 ). Clearly, the surfaces with low surface free energies exhibited a significant antifouling effect toward the freshwater mussel.
The morphology and attachment behavior of the freshwater mussel L. fortunei (Fig. 2) are very close to those of the marine M. edulis and M. californianus (WAITE, 1986; WAITE, 1992) , suggesting that quinone cross-linking is involved in the adhesion mechanism of L. fortunei. For this reason, we expected that the amino-, mercapto-and cyano-coupled glasses would have a significant antifouling effect on the L. fortunei. However, the amino-and mercapto-coupled glasses exhibited a lower antifouling activity toward the mussel. Among the glass surfaces modified with silane coupling agents, the fluoro-, iodo-and bromocoupled glasses suppressed the mussel attachment (Table 4 ). The surface free energies of the silicone, teflon and fluoro-coupled glass were relatively low (Table 1) . Non-treated material surfaces, silicone and teflon, exhibited significant antifouling effects towards the mussel attachment. This suggests that, for the L. fortunei attachment, the low surface free energy of a substrate is an essential feature for the antifouling property of the surfaces. In order to understand the reason why the freshwater mussel exhibited less attachment to the low energy surfaces, together with some different attachment behaviors between the marine and freshwater mussels, further investigations on a molecular basis concerning the attachment of the freshwater mussel are required. In particular, the amino acid compositions and sequences of the purified adhesive proteins from the freshwater mussel are necessary for understanding the detailed molecular mechanism and process underlying the bioadhesive formation of the freshwater mussel. In our ongoing study, we have finished the purification and characterization of the adhesive proteins of L. fortunei, and the compositions and determined primary amino acid sequences of the adhesive proteins (OHKAWA et al., 1999b) .
From industrial practical purposes, some investigations on biofouling problems have been reported (WYNNE and GUARD, 1997) , including the surface analysis, the antifouling paints and fouling release coartings and the environmentally benign antifouling agents. Using these concepts nontoxic coatings are on the market from Japanese companies (AlescoTM from Kansai Paint Co. and BiocleanTM from Chugoku Marine Paints, Ltd.). However, the antifouling researchers are always searching new strategies and the ideal material formulations.
In conclusion, we have studied the adhesion characteristics of marine adhesive proteins and the preparation of antifouling surfaces to prevent the marine and freshwater sessile animals. The analytical approach based on the component division of the surface free energies of the substrates may suggest a promising strategy for the preparation of antifouling surfaces. We provided drawings of our working hypothesis for the preparation of ecologically clean antifouling materials (Fig. 9) . Both the adhesive proteins and substrates have their own dispersion and polar components of the surface free energies. The antifouling effect exhibits that the dispersion components of both the proteins and substrates are less than 30mJ/m2 and the polar components of both the proteins and substrates are less than 10-12mJ/m2, thus making the total free energies less than 40mJ/ m2. Based on the experimental results described here, our working hypothesis for the preparation of ecologically clean antifouling materials by the combination of wettability of both the marine adhesive proteins and the modified surfaces using (i) the components of surface free energy and (ii) the enzymatic insolubilization kinetics could be an alternative solution to preparing ecologically clean antifouling materials (YAMAMOTO et al., 1998b 
